Background. The ability to encode time cues underlies many cognitive processes. In the light of schizophrenic patients' compromised cognitive abilities in a variety of domains, it is noteworthy that there are numerous reports of these patients displaying impaired timing abilities. However, the timing intervals that patients have been evaluated on in prior studies vary considerably in magnitude (e.g. 1 s, 1 min, 1 h etc.).
INTRODUCTION
Distortions in the sense of time have featured prominently in psychoanalytical accounts of psychopathology in general (Hartocollis, 1975) and schizophrenia specifically (Seeman, 1976) . Indeed, research on time estimation in schizophrenia has a long history (Clausen, 1950; Lhamon & Goldstone, 1956; Webster et al. 1962; Lhamon et al. 1965 ; Orme, 1966; Carlson & Feinberg, 1968) , and there have been numerous reports of impaired temporal comprehension in these patients (Dilling & Rabin, 1967; Johnson & Peztel, 1971 ; Lhamon & Goldstone, 1973; Densen, 1977 ; Wahl & Sieg, 1980 ; Tysk, 1983a Tysk, , b, 1984 Tysk, , 1990 Rammsayer, 1990; Tracy et al. 1998 ; though see Webster et al. 1962 ; Goldstone et al. 1979 ; Crain et al. 1975) . Studies have indicated that schizophrenic patients are not simply less accurate in time estimation tasks, but show a particular kind of distortion in timing, in that they tend to overestimate time intervals (Tracy et al. 1998 ; Tysk, 1983a Tysk, , b, 1984 Tysk, , 1990 . In an unpublished study, we had participants tap in synchrony with an auditory beat (a metronome at 30 or 60 beats per minute (bpm)) for 5 min. The metronome was then switched off and participants were to continue as before for 5 min, but now were required to generate the rhythm internally. Not surprisingly, when asked to tap without the metronome, controls were better able to generate a constant tempo with minimal fluctuations than were patients with schizophrenia. Interestingly, in the 30-bpm task patients disproportionately speeded up their responses over time. Somewhat similar findings have been observed in Parkinson's disease patients who showed shorter inter-response intervals with greater variance (O'Boyle et al. 1996) .
On the basis of such studies, a timing deficit in schizophrenia would appear to be well established. These findings of timing disturbances may provide important clues concerning the core cognitive deficits in schizophrenia (Andreasen et al. 1999) . However, it is important to consider whether such findings reflect general impairments in cognitive processes rather than a specific difficulty with temporal processing (Rammsayer, 1990 (Rammsayer, , 1999 . For example, memory for temporal order has been shown in amnesic patients with Korsakoff's syndrome to be dissociable from item memory (Shimamura et al. 1990 ). However, we found that, although memory for temporal order was compromised in patients with schizophrenia, this deficit was highly correlated with generally poorer item memory (i.e. recall ; Elveva˚g et al. 2000) . This difficulty of dissociating problems in time estimation from those in memory dysfunction is found also in the neurological literature (e.g. Williams et al. 1989 ; Mimura et al. 2000) .
Moreover, a number of studies of human timing (Fortin et al. 1993 ; Zakay & Block, 1996 Fortin, 1999) have indicated that accurate estimation of intervals in the order of several seconds requires sustained focusing of attention, and furthermore strategies such as counting can be recruited in making such judgements. The involvement of attentional and strategic processes in these tasks is also potentially problematical, given the well-documented attentional impairments in patients with schizophrenia (e.g. Nuechterlein & Dawson, 1984 ; Cornblatt et al. 1989 ; Cornblatt & Keilp, 1994) , along with working memory deficits (e.g. Elliot et al. 1995 Elliot et al. , 1998 Park et al. 1995 ; Fleming et al. 1997; Stone et al. 1998) . Researchers who have conducted studies of time estimation in schizophrenia are well aware of the role of counting strategies in performing such tasks : Tysk (1983 a) has interpreted his results as indicating that patients with schizophrenia 'tend to count seconds too fast ' (p. 913 ; see also Lhamon & Goldstone, 1956 ), although we contend that this interpretation is rather unlikely since patients' rate of articulation is likely to be somewhat slower, in the context of general slowing on tests of speed and reaction time (King, 1976) . Although it is sometimes explicitly assumed that the rate of counting directly reflects the operation of an internal clock (see Pastor et al. 1992) , it seems highly likely that the rate of counting will be affected by other factors. Thus, while Tysk may be correct that patients with schizophrenia differ from controls in the nature of their counting, and are impaired on some time estimation tasks, it is difficult to conclude that this impairment reflects deficits in basic timing mechanisms.
Although many of the reported deficits in timing in schizophrenia may be explicable in terms of impairments in other cognitive processes, there are nevertheless reasons to believe that primitive timing mechanisms are also impaired in this population. Rammsayer (1990) has shown that patients with schizophrenia perform worse than controls on a task that requires discrimination of very brief durations (in the order of 50-100 ms), a task that is perceptual in nature and places minimal demands on non-temporal processes. In addition, extensive research on animal and human timing has suggested that timing mechanisms are affected by the functioning of dopamine (Maricq et al. 1981 ; Maricq & Church, 1983 ; Church, 1984; Meck, 1986 Meck, , 1996 Rammsayer, 1989 Rammsayer, , 1993 Rammsayer, , 1997 Rammsayer, , 1999 Rammsayer & Gallhofer, 1995; , a neurochemical system that is implicated in schizophrenia (for a review see Carlsson et al. 1999) . Moreover, there is considerable debate regarding the role of the cerebellum in representing temporal information (for a review see Ivry, 1997) . The dysfunction of timing mechanisms in schizophrenia is therefore further complicated by the fact that these patients have been shown to have cerebellar pathology (for a review see Martin & Albers, 1995) and 'cognitive dysmetria ' due to postulated dysfunctional prefrontalthalamic-cerebellar circuitry (Andreasen et al. 1996) .
In the current study we sought to examine the timing problem in schizophrenia while attempting to minimize the role of confounding cognitive processes and focus more directly on timing mechanisms by employing brief stimuli so that the use of certain strategies, such as counting, would be reduced or eliminated. The current research focuses on examination of what processes may be impaired in time estimation over short time scales. This information may then shed light on how these faulty processes give rise to the cognitive deficits at the level assessed in standard psychological assessments. The aim of the current study was to examine whether timing was impaired in schizophrenia by examining performance on two tasks that are generally agreed to measure the functioning of certain timing mechanisms directly, and which place a limited demand on other cognitive processes. These tasks are temporal generalization (Wearden, 1992 ; Wearden & Towse, 1994; Wearden et al. 1997a ) and temporal bisection (Allan & Gibbon, 1991 ; Wearden, 1991 b; Wearden & Ferrara, 1995 , 1996 Nichelli et al. 1996 ; Penney et al. 1998) which are analogues of animal timing tasks (Church & Deluty, 1977; Church & Gibbon, 1982) . Although, these tasks only measure certain aspects of timing behaviour, they offer a number of advantages for comparing clinical populations with controls. The tasks involve simple comparative judgements about durations and thus are easy to explain to participants. The stimulus durations that are employed are short enough (typically less than 1 s) to prevent chronometric counting (although longer durations can be used if counting is suppressed ; Wearden et al. 1997a) . Furthermore, the bisection task has been used successfully to demonstrate deficits in timing of short intervals in patients with cerebellar degeneration or frontal damage (Nichelli et al. 1995 (Nichelli et al. , 1996 . A further advantage of these tasks is that mathematical models that assume that performance is based directly on internal clock processes provide extremely good accounts of the data generated from them under a wide variety of experimental conditions (Allan & Gibbon, 1991 ; Wearden, 1991 ; Wearden & Ferrara, 1995 , 1996 Wearden et al. 1997 b; Penney et al. 1998) in healthy individuals. Most of these formal models fall within the general framework of Scalar Expectancy Theory (Gibbon, 1977; Gibbon et al. 1984) , which is a successful and widely applied theory of timing, accounting for a broad range of animal and human data.
METHOD Participants
Nineteen in-or out-patients (15 male and four female) from the National Institute of Mental Health participated in this study. All patients fulfilled DSM-IV criteria for schizophrenia, as determined by the Structured Clinical Interview for DSM-IV (SCID) with three psychiatrists reaching a consensus diagnosis. Patients generally had multiple hospital admissions due to incomplete responses to conventional treatments. All of the patients were receiving atypical neuroleptic medication at the time of the study (11 on clozapine or olanzapine, seven on risperidone and one on quentiapine) and two were also receiving typical neuroleptic medication (fluphenazine). Four patients also received anticholinergic medication, and 16 were on adjunctive medication. Twenty-three normal healthy control volunteers (six males and 17 females) were recruited through the National Institutes of Health volunteer panel. Out-patients and control volunteers were paid for their participation.
No participant (control or patient) had a history of traumatic brain injury, epilepsy, developmental disorder, diagnosable current substance dependence, or known neurological condition. All participants had normal or normal corrected vision. The internal review board at the National Institute of Mental Health approved this study and informed consent was obtained from all participants prior to testing. Table 1 shows the mean ages and background test scores of the patients and controls. Three baseline tests were used to index intellectual function. The first was a test of reading proficiency -the Wide Range Achievement Test-Reading (WRAT-R) (Jastak & Wilkinson, 1984) , which is widely used as a putative measure of pre-morbid intellectual functioning (Wiens et al. 1993; Goldberg et al. 1995 ; Kremen et al. 1996) . The second was a standard test of current non-verbal or fluid intelligence : Cattell's Culture Fair Intelligence Test (Cattell, 1971 ; Institute for Personality and Ability Testing, 1973), Scale 2, Form A. The test involves timed non-verbal problem-solving. Participants were also evaluated on a short version of the Wechsler Adult Intelligence Scale (WAIS-R) (Wechsler, 1981 ; see also Kaufman, 1990; Missar et al. 1994) . The substantial drop in intelligence from estimated pre-morbid function is often reported in schizophrenia (Weickert et al. 2000) . Significant differences were revealed by t tests (in all cases, P<0 . 01) between the groups in terms of scores on the WRAT-R, Cattell Culture Fair Intelligence Test and WAIS-R. There was no significant group difference in age (P>0 . 1).
Patients' digit span (forwards and backwards) was also assessed (Wechsler Memory ScaleRevised, Wechsler, 1987) , and their average raw combined span was 13 . 8 (out of 24 ; S.D.=4 . 1).
Apparatus and stimuli
An Apple Macintosh computer running Cedrus Superlab software controlled stimulus generation for Experiments 1 and 2. The auditory stimuli were 500 Hz tones produced by the computer's speaker, and the visual displays were presented on a black-and-white screen. All participants were tested individually, and gave verbal responses.
EXPERIMENT 1 : TEMPORAL GENERALIZATION
In the temporal generalization task, participants were initially presented with a standard duration tone (500 ms), and at the test phase they judged whether presented stimuli of various durations (125, 250, 375, 625, 750 and 875 ms) were or were not the standard. Plots of the proportions of positive responses to standard and non-standard test stimuli yield characteristic generalization gradients, with the probability of giving an erroneous positive response to a non-standard stimulus declining with its ' distance ' from the standard (Wearden, 1992 ; Wearden et al. 1997 a, b) . The index of accuracy of time estimation on this task is the steepness of such generalization gradients, with previous studies showing that young children and elderly adults will produce relatively flat gradients (i.e. greater numbers of erroneous positive responses to non-standard stimuli relative to the number of correct positive responses to standard stimuli ; McCormack et al. 1999; Wearden et al. 1997 b) . When plotted on a linear scale, such gradients are normally asymmetrical, with positive responses more likely to stimuli that are longer than the standard than to those shorter than the standard but of equal distance away (Wearden, 1992 ; although this is not always true for animal performance on temporal generalization tasks, Church & Gibbon, 1982) . For example, if the standard were 500 ms, more erroneous positive responses are normally given to a 625 ms stimulus than a 375 ms stimulus. This asymmetry reflects a basic property of human timing (Wearden, 1993) . However, the extent to which gradients are asymmetrical in this way in any given study also reflects the veridicality of longterm memory of the standard. Previous research suggests that the representation of the time intervals may become distorted in long-term memory Shurtleff et al. 1992) , with the standard being systematically mis-remembered as being either shorter (McCormack et al. 1999) or longer (Wearden et al. 1999 ; McCormack et al. 2002) than it actually was. Since responses are made by comparing the memory representation of the standard with the representation of the current test stimulus, such distortion will affect the probability that erroneous positive responses are given to stimuli shorter or longer than the standard. Thus, the degree of asymmetry of the generalization gradient will in part depend on the extent to which such distortion occurs.
The present study compared performance of schizophrenic patients and controls on such a task. In particular, we were interested in whether the patients would produce flatter gradients than controls, indicating less accurate interval timing, and whether the degree of asymmetry of their gradients would differ, indicating impaired or distorted memory for durations.
Procedure
Participants were seated in a quiet room in front of a computer monitor. A version of the generalization task was used that had been designed for participants who may find it difficult to understand abstract computerized tasks (such as children or very elderly adults ; McCormack et al. 1999) . Rather than instructing participants to identify a standard, the stimulus identification task was set in an easily comprehensible context. Participants heard a tone 500 ms in length while viewing a picture of an owl on a computer screen, and they were told it was 'the sound made by the owl '. Participants were told that the owl's sound was always the same pitch and was always of the same duration, and then were presented with the owl's sound four more times. Participants then had four demonstration trials in which they heard tones of length 500, 750, 500 and 250 ms. After each tone was played, they were told whether the tone was or was not the owl's sound, and it was then explained to participants that their task was to judge whether other sounds were or were not the owl's sound. Participants then had five practice trials : one of the practice trials was the 500 ms tone and one each of the other test stimuli that had not been previously played (125, 375, 625 and 875 ms) . Participants were given feedback as to whether their responses were correct or not. Testing immediately followed the last practice trial, with test stimuli presented in eight blocks of eight trials (64 trials in total). Each block included one presentation of each nonstandard tone (e.g. 125, 250, 375, 625, 750 and 875 ms) and two presentations of the standard 'owl ' tone of 500 ms. Participants were assigned to one of two versions of the task, with the order in which the stimuli were presented in each block reversed between versions. Responses were given verbally, and were recorded by the experimenter. As in the practice trials, feedback was given after each response.
Results
Accuracy was first examined as overall 'yes ' responses across tone length. An analysis of variance (ANOVA) was conducted on these data with diagnostic group (controls and patients) as a between-subjects factor and tone-length as the within-subjects factor (125, 250, 375, 500, 625, 750 and 875 ms) . The main effect of group failed to reach significance though a trend was present, F(1, 40)=3 . 57, mean S.E.=0 . 038, P= 0 . 07, but there was a significant effect of tonelength, F(6, 240)=134 . 64, mean S.E.=0 . 024, P<0 . 01, and, importantly, there was a significant interaction between group and tone-length, F(6, 240)=4 . 293, mean S.E.=0 . 024, P=0 . 01 (see Fig. 1 ).
Post hoc t tests were calculated to compare the groups at the different stimulus durations, correcting for multiple tests of comparison using a modified Bonferroni method (Holm's (1979) sequentially rejective procedure). These revealed that the patients made significantly more erroneous positive responses to the 750 and 875 ms stimuli, and significantly fewer correct positive responses to the 500 ms stimulus than did controls.
In order to ascertain whether these results might be attributable to a decay of the standard in general, we compared performance on the first half of the experiment with the second half by calculating ANOVAs separately for patients and controls. Although such an analysis cannot totally eliminate the possibility of memory decay operating during the task, the fact that there was not a significant effect of time in either group (in both cases, P>0 . 1) thus does not provide support for the idea of a general mnemonic failure (i.e. forgetting) over time.
Further analyses examined the shape of the generalization gradients in more detail. Inspection of the gradients (see Fig. 1 ) suggests that both groups showed the usual asymmetry, with more positive responses to stimuli longer than the standard than to those shorter than the standard but of equal distance from it. This asymmetry appears to be more marked in the gradient of the group of patients. Asymmetry was tested by separate comparisons of the proportions of positive responses to each of the three pairs of durations of equal distance from the standard. There was insufficient variance in the data to compare the 125 and the 875 ms stimuli. However, both groups produced significantly more positive responses to the 750 than the 250 ms stimulus (F(1, 22)=9 . 16, mean S.E.= 0 . 006, P<0 . 01 for controls; F(1, 18)=17 . 3, mean S.E.=0 . 026, P<0 . 01 for the group of patients), with the patients, but not the controls, also producing significantly more positive responses to the 625 than the 375 ms stimulus (F(1, 18)=4 . 47, mean S.E.=0 . 083, P<0 . 05). Thus, asymmetry was significant to some extent for both groups, and extended to more stimulus pairs for patients than the controls.
Since the groups differed significantly on all three measures of IQ, subsequent analyses addressed the possibility that the significant interaction between group and tone length might be a result of such differences. An analysis of covariance (ANCOVA) with a between-subjects factor of group, a within-subjects factor of tone length, and three covariates of WAIS-R, WRAT-R and Cattell scores was carried out, with four participants excluded from the analysis for whom scores on one or more of the IQ measures were not available. Inspection of the epsilon values, to check the assumption of homogeneity of variance, showed that there was a high degree of departure from the sphericity assumption (Greenhouse-Geisser e=0 . 39) ; we therefore report the results of the corresponding multivariate analysis. When WAIS-R, WRAT-R, and Cattell scores were covaried in this way, the interaction between group and tone length was near significance (F(6, 28)=2 . 33, P=0 . 06). This suggests that group differences in IQ contributed to group differences in performance to some degree, although the fact that the interaction remained marginally significant when all three IQ measures were taken into account indicates that the results cannot be completely explained in this way. Moreover, correlating patients' forwards and backwards digit span with a single measure of the proportion correct (the number of 'yes ' responses to the 500 ms stimulus divided by the total number of 'yes ' responses) did not reveal a significant correlation (r(19)=x0 . 161, P>0 . 5 for forward digit span ; r(19)=0 . 241, P>0 . 1 for backward span), a finding we take to suggest that working memory alone (as measured by the digit span task) cannot sufficiently explain the results from Experiment 1.
EXPERIMENT 2 : TEMPORAL BISECTION
In the temporal bisection task, there were two standards, one long and one short, and participants judged whether test stimuli were more similar to the long or to the short standard. Like the generalization task, the bisection task is based on a paradigm originally used to study animal timing (Church & Deluty, 1977; Maricq et al. 1981) , which has been successfully adapted for use with humans (Allan & Gibbon, 1991; Wearden, 1991 ; Nichelli et al. 1995 Nichelli et al. , 1996 Wearden & Ferrara, 1995 , 1996 McCormack et al. 1999 ; Droit-Volet & Wearden, 2003) . Data from this task are normally plotted as S-shaped bisection curves, in which the proportion of 'long ' responses is plotted as a function of stimulus duration. Performance is indicated by the steepness of this function, with the bisection curves of patients with frontal damage (Nichelli et al. 1995) , and patients with cerebellar degeneration (Nichelli et al. 1996) being less steep than those of healthy adults (at least over some ranges of intervals).
Another aspect of this function that is usually analysed is the bisection point. This is the hypothetical duration at which responses would be equally divided between long and short. In human timing, this point is normally located between the arithmetic and the geometric means of the two standard durations, although it is often closer to the arithmetic mean when the ratio of the short to long standards is large (see Allan & Gibbon, 1991) .
1 # The formal measure of steepness of the bisection gradients is the Weber ratio. This is calculated using the bisection point and difference limen. The bisection point is the hypothetical duration at which 50 % of responses are classified as 'long ', and the difference limen is half the difference between the hypothetical durations at which 25% and 75 % of responses are long. Thus, the Weber ratio is calculated by dividing the difference limen by the bisection point. The Weber ratio provides a measure of a participant's precision and ability to discriminate specific stimuli that is independent of the actual values of the physical stimuli.
We compared performance of schizophrenic patients and controls on this temporal bisection task. On the basis of the findings of Experiment 1, we predicted that patients would produce flatter gradients than controls, indicating less accurate interval timing.
Procedure
Participants were seated in a quiet room in front of a computer monitor. As in Experiment 1, the task was set in a context designed to make it easy for participants to understand. A computer monitor displayed two birds, a big one and a small one. Participants were told that the two birds made sounds of different lengths and that the big bird made a long sound and the small bird made a short sound. Participants then heard examples of the short (200 ms) and long (800 ms) sound while the appropriate picture was shown on the screen. There were five alternating presentations of each of the sounds. Participants then had seven practice trials (one example of each of the stimuli : 200, 300, 400, 500, 600, 700 and 800 ms) during which they heard a tone and had to state whether it was more like the big bird's or the small bird's sound. No feedback was given as to participants' accuracy. After the practice trials, participants completed five blocks of seven trials, with each block containing one presentation of each stimulus (35 trials in total). The experimenter recorded the responses given ('small bird ' or ' big bird '). As in Experiment 1, participants were assigned to one of two versions of the task, with the order of stimulus presentations within each block reversed between versions.
Results Fig. 2 shows the bisection curves for the two groups. Performance was first examined as the overall proportion of ' long ' responses across tone length. An analysis of variance was conducted on these data with diagnostic group (controls and patients) as a between-subjects # The notes will be found on page 1259.
factor and tone-length as the within-subjects factor (200, 300, 400, 500, 600, 700 and 800 ms).
There was a main effect of group, F (1, 40)= 5 . 10, mean S.E.=0 . 066, P<0 . 03, with the control group producing more 'long ' responses than the patient group, and a significant effect of tone-length, F(6, 240)=239 . 63, mean S.E.= 0 . 030, P<0 . 01, and importantly there was a significant interaction between group and tonelength, F(6, 240)=3 . 34, mean S.E.=0 . 030, P< 0 . 01. Post hoc t tests, corrected as before for multiple tests of comparison (Holm's (1979) sequentially rejective procedure), which compared the groups at the different stimulus durations revealed a significant group difference on the 600 ms stimulus only.
As in the analysis of the data from Experiment 1, we examined whether the significant interaction between group and tone length might be a result of group differences in IQ. An analysis of covariance (ANCOVA) with a between-subjects factor of group, a within-subjects factor of tone length, and three covariates of WAIS-R, WRAT-R, and Cattell scores was carried out, with four participants excluded from the analysis for whom scores on one or more of the IQ measures were not available. However, checking the assumption of homogeneity of variance by inspecting the epsilon values showed that there was a high degree of departure from the sphericity assumption (Greenhouse-Geisser e=0 . 47) ; therefore, we report the results of the corresponding multivariate analysis. When WAIS-R, WRAT-R, and Cattell scores were covaried out in this way, the interaction between group and tone length remained significant (F(6, 28)=2 . 53, P<0 . 05). Thus, group differences in IQ cannot explain the effect of group on performance. Moreover, correlating patients' forwards and backwards digit span separately with the Weber ratio (see below) did not reveal significant correlations (r(17)= x0 . 247, P>0 . 1 for forward digit span ; r(17)= x0 . 037, P>0 . 1 for backward digit span) a finding we take to suggest that working memory alone (as measured by the digit span task) cannot sufficiently explain the results from the temporal bisection task.
In order to calculate the values of the difference limen and bisection point every participant's bisection curve was modelled using the following equation :
where P(long|D i ) is the probability of responding ' long ' to a given test stimulus D i , s is the slope of the S-shaped curve and mean is the Bisection Point. For each participant s and mean were estimated separately. The median R 2 value obtained was 0 . 99 for the controls, and 0 . 98 for the 17 patients we included.
The mean difference limen of the group of patients was 27 . 28, and that of the control group was 57 . 17.
2 An ANOVA found that there was a significant difference between the groups in the size of the difference limen, F(1, 38)=6 . 17, mean S.E.=1416 . 00, P<0 . 02. Inspection of the bisection gradients (Fig. 2) suggests that the bisection points for the two groups are somewhere between the arithmetic (500 ms) and the geometric (400 ms) mean. The mean bisection point was 431 . 74 ms for the control group and 481 . 59 ms for the patients. An ANOVA found a significant difference between the groups in the value of the bisection point, F(1, 38)=7 . 04, mean S.E.=3450 . 70, P<0 . 02.
The difference limen and the bisection point were used to calculate the Weber ratio. The mean Weber ratio of the control group was found to be 0 . 064, and that of the patient group was 0 . 12. An ANOVA found a marginally significant difference between the groups, F(1, 38)=4 . 04, mean S.E.=0 . 007, P=0 . 052 in the value of the Weber ratio. Although the steepness of the curves is different between the groups, as shown by the significant group effect on the difference limen, the difference between them is only marginally significant when steepness is adjusted to take into account the bisection point.
DISCUSSION
In both Experiments 1 and 2, the performance of patients with schizophrenia differed from that of healthy adults on tasks that involved making judgements about the durations of brief auditory stimuli. Our results indicate that timing is impaired in patients even when the tasks involve judgements about very short durations (see also Rammsayer, 1990) . Importantly, these impairments could not be explained fully in terms of group differences in estimated premorbid or current intelligence or patients' poor working memory ability (as measured by digit span 3 ). In Experiment 1, patients' generalization gradient was less steep than that of controls. Although there were significant group differences in performance on the temporal bisection task, the difference in the Weber ratio between groups was only marginally significant. The fact that group differences were more pronounced on the generalization task, notwithstanding the provision of feedback in Experiment 1 but not 2, is consistent with findings of previous studies that have indicated that the generalization task is a more sensitive task than the bisection task (Wearden et al. 1997 a, b) .
In addition to group differences in overall levels of performance, some features of the data suggested that there may be qualitative differences between timing in patients and controls. In Experiment 1, the generalization gradient was more markedly asymmetrical in patients than in controls. Furthermore, in Experiment 2, the bisection point was larger for patients than for controls. These effects can be addressed within the framework of Scalar Expectancy Theory. Formal models of timing assume two separate mnemonic components are involved in the tasks in Experiments 1 and 2. Long-term memory holds the standard, and working memory is used to compare the test durations with the retrieved representation of the standard from long-term memory. If the representation of a standard duration in long-term memory is systematically distorted (e.g. remembered as longer than it really is) effects akin to those observed here may be obtained. For example, McCormack et al. (1999) attributed qualitative differences in children's temporal generalization to memory distortion. If the standards are remembered by patients as longer than they truly are, the two key effects reported above may be explained. Greater asymmetric generalization (Experiment 1) could result because a given test duration that is longer than the true standard will be closer to the distorted memory of the standard. In the bisection experiment, a proportional distortion (e.g. a 10 % increase) of memory of both the short and the long standards will lead to a mid-range stimulus becoming relatively closer to the remembered short standard than to the remembered long standard. However, it should be noted that alternative explanations may be possible. For example, greater asymmetry in temporal generalization tasks is often associated with lower overall levels of performance (Wearden et al. 1997a, b ; McCormack et al. 1999) , and rightward shifts in bisection point could result from a simple bias against responding long.
We note that not all timing deficits in schizophrenia can be explained by reference to distorted standards. Indeed, Rammsayer's (1990) findings would suggest that patients with schizophrenia are impaired on tasks that do not have a long-term memory component, implicating clock processes. Further research explicitly addressed at partitioning variability in performance to perceptual versus memory processes is necessary to resolve this issue.
Unlike Rammsayer's (1990) study of timing of brief intervals in schizophrenia, the current tasks have a long-term memory component (since the standard is assumed to be held in long-term or reference memory), a component that appears not to be involved in temporal discrimination of extremely brief intervals (Rammsayer, 1999) . It is not clear to what extent either of the memory components in formal models derived from Scalar Expectancy theory can be identified with the types of memory measured by standard memory tasks (but see Fortin, 1999 for an alternative view). However, in the light of the absence of a general mnemonic failure over time or a significant correlation with a working memory measure such as digit span, we suggest that simply explaining the findings in terms of working memory would be insufficient. Indeed, the type of memory distortion that might underlie our findings is generally considered to be a long-term memory factor rather than a working memory one (although we acknowledge the current major research effort to develop a variety of techniques with which to disentangle working memory from long-term memory, from short-term memory and from controlled attentional processes -see Engle et al. 1999) .
Attempting to separate differences between specific deficits and generalized deficits (as in the current study) is a major issue in cognitive research in patients with schizophrenia, especially those with chronic courses. Indeed, it is important to establish whether patients' performance reflects the illness itself or whether it is attributable to the difficulty level of the tasks (Chapman & Chapman, 1978) . We have preliminary evidence for patients demonstrating an impairment in stimulus identification when the stimuli are tones of varying durations, but not when the stimuli are lines of varying lengths. Importantly, task difficulty issues alone could not account for these new data since the line length judgement task did not seem to be an easier task given the large number of errors made by both groups. We regard this as evidence that patients do not have a global problem with stimulus identification, and thus take our findings to support the notion of a specific impairment in timing abilities in patients with schizophrenia.
On the basis of the current findings and those of numerous previous studies, schizophrenic patients appear to have deficits in timing in a very wide range of time intervals from <100 ms (Rammsayer, 1990) , <1 s (the current study) through to intervals in the order of seconds (Tracy et al. 1998 ) and many minutes . An unresolved, but important, issue in timing research is whether there are separable clock systems for these different interval ranges. A considerable body of research links clock processes with the basal ganglia (Meck, 1986 ; Artieda et al. 1992 ; Pastor et al. 1992; , although Ivry and colleagues (Ivry & Keele, 1989; Ivry, 1993 ; Clarke et al. 1996) have argued that the cerebellum is heavily implicated not only in motor timing but in at least some kinds of temporal duration judgements. Other neuroanatomical areas are associated with the memory and decision processes in the timing system (Nichelli et al. 1993 (Nichelli et al. , 1995 Shaw & Aggleton, 1994) . Given that time perception relies on a variety of hierarchically organized structures and processes it is not surprising that the underlying cortical networks are vast (e.g. right hemisphere prefrontal-inferior parietal network ; Harrington et al. 1998 b) . Moreover, it seems likely that attention and working memory contribute to temporal perception. Thus, given that schizophrenia may be considered to be a disorder of connectivity (Weinberger et al. 1992 ; Fletcher et al. 1999 ; Tononi & Edelman, 2000) , including problems in attention and working memory, the challenge to fractionate the way in which the dynamic network of cortical and subcortical activation contributes to the function and dysfunction of the different components of time perception is clearly important (see Volz et al. 2001 ).
This issue is further complicated by the involvement of the dopaminergic and cholinergic systems in timing, suggested by reports of deficits in both motor timing and time estimation or perception in Parkinson's disease (for reviews, see Gibbon et al. 1997 ; ; but see Ivry & Keele, 1989) , and from research with animals and humans who have been administered dopamine antagonists (Meck, 1986 (Meck, , 1996 Rammsayer, 1993 Rammsayer, , 1999 or agonists (Stubbs & Thomas, 1974 ; Rapp & Robbins, 1976 ; Rammsayer, 1990; Rammsayer & Vogel, 1992) , or choline modulators (Meck & Church, 1987 b ; for a review see Meck, 1996) . Regarding the issue of whether the observed impairments in duration judgements of the patients with schizophrenia are side-effects of neuroleptic medication, evidence from previous studies is mixed (Lhamon & Goldstone, 1956; Goldstone et al. 1979 ; Tracy et al. 1998) with different neuroleptics exerting different effects on timing tasks (Meck, 1986 ; Rammsayer, 1990 Rammsayer, , 1997 Rammsayer & Gallhofer, 1995) . It is possible that the use of a psychiatric control group (especially unmedicated) could have helped clarify the particular relevance of time judgement deviations in schizophrenia. The patients in the current study were on neuroleptics and the effects on timing of many of the specific drugs that the patients were taking have not been explored. Specifically, the consequences of patients with schizophrenia who are on drugs that manipulate dopaminergic and cholinergic systems warrants examination, in a patient sample in which this is possible, and in which there is the statistical power to evaluate the effect of cholinergic modulation on the timekeeper in patients with schizophrenia. Clearly, further research is necessary to establish if such medication does contribute to the timing deficit in schizophrenia.
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NOTES
1 The geometric mean is the square root of the product of the standards. 2 Data from two participants (both patients) were excluded from analysis. There was one participant for whom no clear bisection point could be determined, and there was a further participant who had a bisection point which was more than two standard deviations away from the group mean. 3 We note that digit span is only one of many measures of working memory, and that other measures are likely to be important as well.
